If eukaryotic genes could protect bacteria with defects in DNA repair, this effect could be exploited for the isolation of eukaryotic DNA repair genes. We have thus cloned a DNA repair gene from Saccharomyces cerevisiae that directs the synthesis of a DNA glycosylase that specifically releases 3-methyladenine from alkylated DNA and in so doing protects alkylation-sensitive Escherichia coli from killing by methylating agents. The cloned yeast gene was then used to generate a mutant strain of S. cerevisiae that carries a defect in the glycosylase gene and is extremely sensitive to DNA methylation.
The molecular genetic characterization of DNA repair functions in Escherichia coli has produced the view that mutagenesis by alkylating agents is avoided by the removal of lesions that mispair when replicated, and cell death is avoided by the removal oflesions that block DNA replication (1) . Two DNA glycosylases, encoded by the alkA and tag genes, remove alkylated bases that block replication; 3-methyladenine (3-MeA) is repaired by both AlkA and Tag, and 3-methylguanine (3-MeG), 02-methylthymine, and 02-methylcytosine are repaired by AlkA (2) (3) (4) . After the removal of a damaged base by a DNA glycosylase, one of several apurinic/apyrimidinic endonucleases hydrolyzes the phosphodiester bond adjacent to the abasic deoxyribose, allowing DNA polymerase I, DNA ligase, and other enzymes to complete the repair process (5) . E. coli strains deficient in the Tag and AlkA DNA glycosylases are extremely sensitive to killing by methylating agents such as methyl methanesulfonate (MMS) (1) .
The expression of certain prokaryotic DNA repair functions in mammalian cells can suppress the toxic effects of certain types of DNA damage (6) (7) (8) (9) . It thus seemed to us that the converse might be true, that eukaryotic DNA repair functions might be able to protect bacteria and that this might be a way of identifying eukaryotic DNA repair genes. Since DNA glycosylases can function in the absence of other proteins, we expected that a eukaryotic DNA glycosylase would be able to initiate the repair of damaged DNA in E. coli. Saccharomyces cerevisiae has been shown to contain 3-MeA DNA glycosylase activity (10) , but none of the large number of alkylation-sensitive S. cerevisiae mutants has been assigned a deficiency in this or any other alkylation repair function (10) (11) (12) . Here we describe the isolation of an S. cerevisiae gene that encodes a 3-MeA DNA glycosylase and can protect E. coli alkA tag mutants from alkylationinduced cell death. The cloned gene has been used to generate an alkylation-sensitive repair-deficient S. cerevisiae mutant.
MATERIALS AND METHODS
Cells, Plasnids, and Enzymes. E. coli AB1157 (F-thr-1 leu-6 proA2 thi-1 argE lacYI galK ara-14 xyl-S mtl-i tsx-33 strA sup-37) was the strain used as the wild type for alkylation sensitivity. MV1932 and MV1902 (gifts from M. Volkert, University of Massachusetts, Worcester, MA) were alkylation-sensitive derivatives of AB1157 and are alkAl tag and alkAlO5::ApSG1 (13) , respectively. DH5a, an rk-mk + E. coli strain, was purchased from BRL. S. cerevisiae strains were DBY745 (adel-100 ura3-52 leu2-3 leu2-112) and DBY747 (his3-AJ, leu2-3, leu2-112, trpl-289, ura3-52), gifts from Eric Eisenstadt (Office of Naval Research, Arlington, VA) and Louise Prakash (University of Rochester, Rochester, NY), respectively. The YEp13-borne S. cere-visiae genomic library (14) was purchased from American Type Culture Collection, and pUC19 was purchased from BRL. Plasmid DNAs were purified by alkaline lysis followed by banding in cesium chloride/ethidium bromide density gradients (15) . Restriction endonucleases and T4 DNA ligase were from New England Biolabs.
Screen for Alkylation-Resistant Transformants. The YEp13A yeast genomic library from American Type Culture Collection was in E. coli RR1 (rk-mk-); plasmid purified from this strain survived poorly when transfected into MV1932 (rk+ mk+); we therefore passed the library through the DH5a (rk-mk+) strain prior to transfection into E. coli MV1932. Ampicillin-resistant MV1932 transformants were individually toothpicked onto two Luria-Bertani (LB) ampicillin plates (15) (kb) Sph I fragment isolated from pUC-4.0 (see Fig. 3 ). The 4-kb fragment was 32P-labeled, and the final filter wash was at high stringency (30 mM NaCl/3 mM sodium citrate at 580C for 2 hr).
Northern Blot Analysis. Yeast RNA isolation was modified from the procedure of Carlson and Botstein (18) . Briefly, 108 midlogarithmic cells were washed in water and resuspended in 0.2 ml of 0.5 M NaCl/0.2 M Tris (pH 7.6)/0.01 M EDTA/1% SDS. Four-tenths gram of washed glass beads (0.4-0.5 mm) and 0.2 ml of phenol/chloroform/isoamyl alcohol, 25:24:1 (vol/vol), were added, and the mixture was vortexed vigorously for 2.5 min. After the further addition of 0.3 ml of buffer and 0.3 ml of phenol/chloroform/isoamyl alcohol, the aqueous phase was isolated, reextracted, and ethanol precipitated. Five micrograms of total RNA was electrophoresed in a formaldehyde/1% agarose gel (15), transferred to a nylon membrane, and probed with the 32P-labeled 4-kb Sph I or 2.1-kb EcoRI yeast genomic fragments (see Fig. 3 ). The blots were washed in 300 mM NaCl/30 mM sodium citrate at 650C for 1 hr and in 15 mM NaCl/1.5 mM sodium citrate at 250C for 1 hr.
DNA Glycosylase Activity. Bacterial and yeast cell extracts were prepared as described (10, 19) in the buffer described by Nisson and Lawrence (10)-namely, 10 mM Tris'HCl (pH 7.4)/10 mM NaCl/5 mM MgCl2/0.5 mM CaCl2/0.2% Nonidet P-40/1 mM dithiothreitol. Various amounts of extract proteins were incubated for various periods with 37.5 ,ug of [3H]DMS-treated calf thymus DNA (1000 cpm/,g), prepared according to Samson and Linn (20) . Reaction volumes ranged from 100 to 150 ,ul. The reaction was stopped by adding 0.1 volume of 2 M NaCl, 3 volumes of ice-cold ethanol, and incubating at -20°C for 15 min. The precipitated protein and nucleic acids were removed by centrifugation, and the ethanol supernatant was dried and resuspended in 20 ,ul of0.1 M HCl. After the addition of alkylated base standards (7-MeG, 3-MeA, and 06-MeG), the mixture was spotted onto Whatman 3MM paper (2 X 40 cm) and separated by descending chromatography in 2-propanol/ammonium hydroxide/water, 7:1:2 (vol/vol), for 16-18 hr. After the standards were visualized under UV light, the dried chromatogram was cut into 1-cm strips; each strip was eluted into 1 ml of water (in a scintillation vial) for at least 2 hr and assayed for tritium after the addition of 10 ml of Scintiverse (Fisher). Labeled DNA substrate was incubated without extract for the appropriate periods, and the liberated 3-MeA and 7-MeG was subtracted from that released in the extract.
RESULTS
Isolation of a Yeast Gene That Suppresses the Alkylation Sensitivity ofE. coli aIkA tag Mutants. The extreme alkylation sensitivity of E. coli alkA tag mutants (1, 21) is shown in Fig.  1A and is reflected in the fact that nutrient agar plates containing 0.01% MMS support the growth of wild-type E. coli but not alkA tag mutants (data not shown). Our initial aim was to look for a yeast DNA fragment that would confer on E. coli alkA tag the ability to grow on 0.01% MMS plates. A YEp13 yeast genomic library (14) was introduced into E. coli alkA tag. Fifteen thousand transformants were individually streaked onto MMS plates and control plates; two transformants formed colonies on MMS plates, and the responsible plasmids (YEp13A and YEp13C) were isolated from the bacteria on the control plates. Judging from their restriction pattern, each plasmid proved to contain the same 6-kb insert, which hybridized to yeast DNA but not to bacterial or human DNA ( Fig. 2A) . Reintroduction of the purified YEp13A/C plasmid into alkA tag mutants protects against killing by MMS, DMS, and MNU ( Fig. 1) 4, and 6 ), and the resulting fragments were separated in a 0.7% agarose gel, transferred to nitrocellulose, and hybridized with the 32P-labeled 4-kb Sph I fragment from pUC-4.0 (see Fig. 3 ). (B) Northern blot analysis. In each lane, 5 Ug of total RNA isolated from S. cerevisiae DBY745 was separated in a formaldehyde/1% agarose gel and transferred to a nylon membrane. Lane 1 was hybridized with the 32P-labeled 4.0-kb Sph I fragment from pUC-4.0 (see Fig. 3 ); lane 2 was hybridized with the 32P-labeled 2.1-kb EcoRI fragment isolated from pUC-2.1 (see Fig. 3 ); lane 3 was hybridized with a 1.6-kb yeast actin cDNA fragment. The labeled probes were of approximately the same specific activity. the possibility that YEp13A/C might encode a tRNA that suppresses the alkA or tag mutation or a protein that somehow prevents DNA alkylation. YEp13A/C is not functioning as a nonsense suppressor because it also conferred alkylation resistance to a nonsuppressible E. coli strain bearing a A insertion in the alkA gene (Fig. 1D) (13) . Furthermore, it is not acting as a preventer of DNA alkylation because [3H]DMS delivered roughly the same number of alkyl groups to the DNA of E. coli alkA tag irrespective of the presence or absence of YEp13A/C; [3H]DMS (4.17 Ci/mmol; 1 Ci = 37 GBq) at 1.5 pug/ml for 5 min produced 47, 68, 59, and 70 cpm/,ug of DNA in, respectively, wild-type E. coli, alkA tag, and alkA tag carrying YEp13A or YEp13C. It seemed likely, therefore, that the YEp13A/C gene product is involved in repair. The following experiments showed that the cloned yeast genomic fragment encodes a 3-MeA DNA glycosylase.
The Cloned Yeast Gene Encodes a 3-MeA DNA Glycosylase. We localized the active part of the clone to a 2.1-kb region of the YEp13A/C 6-kb insert (Fig. 3) . A 4-kb Sph I fragment was subcloned from YEp13A into pUC19 to generate pUC-4.0; E. coli alkA tag carrying pUC-4.0 were resistant to MMS. From the 4-kb Sph I fragment we subcloned, into pUC19, two nonoverlapping EcoRI fragments of 1.5 and 2.1 kb, to generate pUC-1.5 and pUC-2.1, respectively; pUC-1.5 did not provide MMS resistance in E. coli alkA tag cells, but pUC-2.1 gave the same level of resistance as the original YEp13A recombinant plasmid. Northern blot analysis ofRNA isolated from S. cerevisiae DBY745 showed that the 4-kb Sph I fragment and the 2. were as in Fig. 1 .
a single transcript of similar size (namely, 1.8 kb ; Fig. 2B) ; therefore, the 2.1-kb yeast genomic fragment probably directs the synthesis of a single mRNA. Compared to the level of actin mRNA, the 1.8-kb transcript appeared to be expressed at extremely low levels (Fig. 28) . The level of the 1.8-kb mRNA was much higher in S. cerevisiae DBY747 cells harboring the YEp13A plasmid (data not shown).
Further experiments showed that pUC-2.1 encodes a 3-MeA DNA glycosylase. Fig. 4A shows that alkA tag! pUC-2.1 cells contained as much 3-MeA DNA glycosylase activity as wild-type E. coli and about 10 times more 3-MeA DNA glycosylase activity than alkA tag/pUC-1.5 cells. (Glycosylase levels were unaffected by the presence of pUC-1.5.) The base excised by alkA tag/pUC-2.1 extracts was identified as 3-MeA by using three chromatographic procedures (data not shown). All three strains showed the same level of a 7-MeG DNA glycosylase activity (Fig. 4B) , and none showed any 3-MeG DNA glycosylase activity (data not shown). The cloned yeast gene also directed the synthesis of a 3-MeA DNA glycosylase in yeast cells because the introduction of YEp13A into S. cerevisiae DBY745 caused a 7-fold increase in 3-MeA DNA glycosylase levels (Fig. 4C); interestingly, extra glycosylase activity in wild-type DBY745 did not provide any additional resistance to MMS (data not shown). Since the major purine substrate for this yeast DNA glycosylase appears to be 3-MeA, we propose that its gene be called the yeast MAG gene (3-MeA Glycosylase). However, it remains to be determined whether the Mag DNA glycosylase also removes alkylated pyrimidines.
Generation of a Yeast DNA Alkylation Repair Mutant. The cloned MAG gene of S. cerevisiae DBY747 was disrupted in vitro by the insertion of the URA3 gene. A 0.77-kb Bgl II fragment from the middle of the cloned 2.1-kb EcoRI fragment (carrying the MAG gene) was replaced with a 3.8-kb Bgl II/BamHI fragment carrying a functional URA3 gene (22) . This construction generated pUC-5.1 (Fig. SA) in which the URA3 gene is flanked on each side by about 0.65 kb of DNA from the cloned 2.1-kb fragment. We transformed DBY747 with the 5.1-kb EcoRI fragment isolated from pUC-5.1 (bearing the disrupted MAG gene) and selected URA+ transformants. Southern analysis of one transformant confirmed that the MAG gene had been disrupted; the 0.77-kb fragment from the middle of the MAG gene hybridized to a 2.5-kb EcoRI fragment from the DBY747 genome but did not hybridize to any fragment from the genome of the URA+ transformant (Fig. 5B, lanes 1 and 2) . Hybridization with the MAG gene plus flanking sequences (isolated from pUC-4.0) demonstrated a disruption of this 2.5-kb EcoRI fragment in the URA+ transformant (Fig. SB, lanes 3 and 4) . However, the disruption did not generate a new 5.5-kb fragment that would 3) and its URA' transformant (lanes 2 and 4) were digested with EcoRI and probed with the 32P-labeled 0.77-kb Bgl II fragment from pUC-2.1 (lanes 1 and 2) or the 4-kb Sph I fragment from pUC-4.0 (lanes 3 and 4). be expected from a simple gene transplacement; instead a more complex rearrangement must have occurred to generate a new band of over 23 kb (Fig. SB, lane 4) . Thus, the MAG gene was not disrupted by a simple gene transplacement but rather by a more complex rearrangement.
Cell extracts from the URA+ transformant contained undetectable 3-MeA DNA glycosylase activity (Fig. 6A) , confirming the mag-genotype; these cells became extremely sensitive to killing by MMS (Fig. 6B) . The introduction of YEp13A into the URA+ mag-strain produced a glycosylase activity of about 10 times the level in wild-type DBY747 cells (Fig. 6A) ; however, despite the overproduction of the Mag DNA glycosylase, MMS resistance was only restored to the wild-type level (Fig. 6B) .
DISCUSSION
The isolation of yeast genes and mammalian cDNAs by the functional complementation of E. coli mutants is not unprecedented. However, all the genes that have been cloned this way were involved in intermediary metabolism and could be identified because they suppressed nutritional auxotrophies. For example, the yeast imidazole glycerol phosphate hydrolase gene (his3) (23) , the murine adenosine deaminase cDNA (24) , and the human purine-nucleoside phosphorylase cDNA (25) 
